Objective: The aim of this study was to investigate the feasibility of accelerated diffusion tensor imaging (DTI) of skeletal muscle using echo planar imaging (EPI) applying simultaneous multislice excitation with a blipped controlled aliasing in parallel imaging results in higher acceleration unaliasing technique. Materials and Methods: After federal ethics board approval, the lower leg muscles of 8 healthy volunteers (mean [SD] age, 29.4 [2.9] years) were examined in a clinical 3-T magnetic resonance scanner using a 15-channel knee coil. The EPI was performed at a b value of 500 s/mm 2 without slice acceleration (conventional DTI) as well as with 2-fold and 3-fold acceleration. Fractional anisotropy (FA) and mean diffusivity (MD) were measured in all 3 acquisitions. Fiber tracking performance was compared between the acquisitions regarding the number of tracks, average track length, and anatomical precision using multivariate analysis of variance and Mann-Whitney U tests. Results: Acquisition time was 7:24 minutes for conventional DTI, 3:53 minutes for 2-fold acceleration, and 2:38 minutes for 3-fold acceleration. Overall FA and MD values ranged from 0.220 to 0.378 and 1.595 to 1.829 mm 2 /s, respectively. Two-fold acceleration yielded similar FA and MD values (P ≥ 0.901) and similar fiber tracking performance compared with conventional DTI. Three-fold acceleration resulted in comparable MD (P = 0.199) but higher FA values (P = 0.006) and significantly impaired fiber tracking in the soleus and tibialis anterior muscles (number of tracks, P < 0.001; anatomical precision, P ≤ 0.005). Conclusions: Simultaneous multislice EPI with blipped controlled aliasing in parallel imaging results in higher acceleration can remarkably reduce acquisition time in DTI of skeletal muscle with similar image quality and quantification accuracy of diffusion parameters. This may increase the clinical applicability of muscle anisotropy measurements.
D
iffusion tensor magnetic resonance imaging (DTI) is based on measuring the molecular diffusion along 6 or more different directions. It is based on the fact that the diffusion in the body is constrained by cellular barriers and thus anisotropic in organized tissue. 1 The eigenvectors of the diffusion tensor and their respective eigenvalues, the fractional anisotropy (FA), and the mean diffusivity (MD) are DTI metrics that can be calculated voxelwise. By connecting voxels with similar characteristics in series, fiber tracking algorithms allow 3-dimensional visualization of the fiber course. [2] [3] [4] [5] Many physiological studies confirmed that the first eigenvalue represents the main diffusion direction in skeletal muscle fibers. [6] [7] [8] [9] [10] With its long, parallel running fibers, skeletal muscle is an ideal tissue for DTI applications. Examples include the characterization of changes after exercise or pathological changes such as muscle edema, tear, or hematoma. [11] [12] [13] [14] [15] [16] Diffusion tensor magnetic resonance imaging of the muscle is inherently limited by the short T2 relaxation time of skeletal muscle (around 35 milliseconds at 3 T) 17 and the resulting low signal-to-noise ratio (SNR). 18 In can be further hampered by artifacts because of motion, blood pulsation, or table vibration during the image acquisition. The relatively low SNR of muscle DTI compared with other body areas (such as the brain) needs to be compensated by an increased number of acquisitions for averaging. The long acquisition time currently limits the clinical applicability of muscle DTI. Diffusion tensor magnetic resonance imaging is usually performed based on single-shot echo planar imaging (EPI). Conventional acceleration techniques such as parallel imaging 19 or partial Fourier acquisition 20 only allow shorter echo time (TE) but do not act on the number of acquisitions or the repetition time (TR) in singleshot EPI. An alternative approach for accelerated imaging is simultaneous multislice (SMS) imaging, where multiple slices are excited by a single radiofrequency pulse (ie, a multiband pulse). This approach has become promising because of recent technical advances such as controlled aliasing in parallel imaging results in higher acceleration (CAIPI-RINHA) unaliasing technique 21 and its implementation to EPI with markedly reduced g-factor SNR penalty (blipped CAIPIRINHA). [22] [23] [24] Simultaneous multislice has already proven useful in accelerated cardiac DTI. 25 In the present study, the feasibility and accuracy of this technique for in vivo imaging of skeletal muscle was tested on the lower legs. We hypothesized that, despite a significantly reduced acquisition time, the image quality and quantification accuracy of simultaneous multislice DTI with blipped CAIPIRINHA would not be statistically significantly different compared with conventional DTI.
MATERIALS AND METHODS

Study Population
After approval by the federal ethics board, this study was performed on the calf of 8 consecutive healthy subjects (6 males, 2 females; mean [SD] age, 29.4 [2.9] years). All subjects gave written informed consent to the magnetic resonance examination and the scientific use of the data. None of the subjects reported previous surgery or major trauma to the examined extremity.
Imaging Protocol
All images were acquired on a 3-T scanner (Magnetom Skyra, Siemens Healthcare, Erlangen, Germany) featuring a maximum gradient field amplitude of 45 mT/m and a slew rate of 200 T/m/s. The subjects were positioned supine with their legs (5 right side, 3 left side) placed parallel to the main magnetic field in a dedicated 15-channel transmit/receive knee coil.
First, a 3-dimensional encoded fast spin-echo T1-weighted axial sequence (SPACE sequence, sampling perfection with application of optimized contrasts using different flip angle evolution; TR, 500 milliseconds; TE, 11 milliseconds; turbo factor, 42; number of slices, 192; slice thickness, 1.0 mm; field of view, 16 Â 16 cm 2 ; in-plane resolution, 0.5 Â 0.5 mm 2 ) was acquired at the level of the proximal third of the calf for anatomical reference and to exclude structural pathologies, which would have influenced quantitative evaluation of DTI parameters or fiber tracking. Next, DTI was performed using a single-shot EPI sequence with 20 different gradient directions at a b value of 500 s/mm 2 , which has proven the optimal value for DTI of skeletal muscle. 26 Simultaneous multislice acquisition with blipped CAIPIRINHA was achieved with dedicated software for research purposes (Siemens Healthcare, Erlangen, Germany).
Different scans were performed with no slice acceleration (ie, conventional DTI; TR, 6100 milliseconds), 2-fold acceleration (2 slices excited with 1 pulse and readout simultaneously; TR, 3100 milliseconds), and 3-fold acceleration (3 slices excited with 1 pulse and readout simultaneously; TR, 2100 milliseconds). Except for TR, all parameters were kept constant (TE, 54 milliseconds; voxel dimensions, 1. 
Postprocessing and Quantitative DTI Evaluation
The postprocessing routine of the EPI sequence automatically generated grayscale FA and MD maps as well as color-coded FA FIGURE 1. A, MD and FA maps at the level of the maximum diameter of the right calf of a 29-year-old male volunteer. On the color-coded FA maps, the red channel is assigned to the transversal axis, the green channel to the sagittal axis, and the blue channel to the longitudinal axis (z axis) of the scanner. Because the muscle fibers are predominantly directed along the z axis, blue is the dominant color. SA indicates slice acceleration. B, Corresponding T1-weighted image illustrating ROI placement in the different muscles (MG/LG, medial and lateral head of the gastrocnemius muscle; SOL, soleus muscle; TA, TA muscle).
maps that contained 3-dimensional information on the voxelwise diffusion orientation. Fractional anisotropy and MD were measured by 2 independent radiologists (initials blinded) at the level of the maximum calf diameter, which was identified on the T1-weighted images. Polygonal regions of interest (ROIs) were placed in the medial and lateral head of the gastrocnemius muscle, the soleus muscle, and the tibialis anterior (TA) muscle. 9, 27 The ROIs were defined slightly smaller than the cross-sectional area of the muscles to avoid partial volume effects and the inclusion of fat or blood vessels (Fig. 1 ).
Fiber Tracking
Tracking of muscle fibers was performed by 1 reader (initials blinded, with 4 years of experience in muscle DTI) using a dedicated postprocessing unit and software (Neuro 3D application; syngo Leonardo, Siemens Healthcare, Erlangen, Germany). In all DTI sequences, seed ROIs were drawn on the b0 image in each muscle at the level of the maximum calf diameter. Automated continuous fiber tracking then started from these ROIs. If a voxel's characteristics fell below the FA threshold of less than 0.15 or exceeded the angulation threshold greater than 30 degrees relative to the voxel tracked before, fiber tracking automatically stopped at the level of that voxel.
The performance of fiber tracking depending on the slice acceleration was assessed by the same reader regarding the number of tracks and average track length in the different muscles. In addition, a 5-point qualitative rating was performed regarding the anatomical precision of the tracks (1, poor; 2, fair; 3, substantial; 4, good; 5, excellent).
Calculation of the SNR
All DTI sequences with different acceleration factors were acquired twice in every volunteer. By subtracting corresponding sequences at b = 0, voxel-based difference images could be generated. 28, 29 On the difference images, the SD of the signal intensity (SI), that is, the effective image noise, was measured. The respective SIs of the different muscles were measured at the level of the maximum calf diameter. The effective SNR was then calculated separately for all muscles 28 as follows:
In addition, the SNR per minute was calculated by dividing the SNR value of each sequence by its acquisition time.
Statistical Analysis
Statistical analysis was performed using SPSS (version 20, IBM Corp, Somers, NY). The interobserver agreement for FA and MD measurements was assessed by calculating respective intraclass correlation coefficients (ICCs). Intraclass correlation coefficients were interpreted according to Landis and Koch. 30 Average FA and MD values from both readers were calculated for further statistical comparisons.
Multivariate analysis of variance with post hoc Bonferroni tests was used to compare the sequences with different slice acceleration factors regarding FA and MD values and fiber tracking parameters (number of tracks, average track length). Anatomical precision scores of fiber tracking in the different sequences and muscles were compared using Mann-Whitney U tests. For all tests, a P value less than 0.05 was considered statistically significant. In addition, FA and MD values measured on the slice-accelerated sequences were compared with those measured on the conventional DTI sequence by using Bland-Altman plots.
The coefficient of variation (SD divided by the mean) was calculated for FA and MD for each sequence. Furthermore, the double acquisition of all DTI sequences allowed a reproducibility 
RESULTS
Image Acquisition
Image acquisition was successful in all subjects. The acquisition time was 7:24 minutes without slice acceleration (conventional DTI), 3:53 minutes with 2-fold slice acceleration, and 2:38 minutes with 3-fold slice acceleration. The entire protocol took 34 minutes. The specific absorption rate remained below 20% of the allowed maximum in all DTI sequences and volunteers, and switching to first level acquisition mode was not necessary.
Quantitative Measurements
Fractional anisotropy and MD values measured in the different muscle groups are provided in Table 1 . The interobserver agreement was "almost perfect" for FA values (ICC, 0.836-0.890) and "substantial" for MD values (ICC, 0.647-0.687) and ROI sizes (ICC, 0.772). 30 Multivariate analysis of variance with post hoc Bonferroni tests revealed significantly higher FA (P < 0.001) and MD (P ≤ 0.009) values in the TA muscle than in the other muscles. No significant differences in terms of FA and MD were found between the lateral gastrocnemius, medial gastrocnemius, and soleus muscles. Two-fold slice acceleration yielded similar FA and MD values compared with conventional DTI (P ≥ 0.901). Three-fold slice acceleration induced comparable MD values (P = 0.199) but significantly higher FA values (P = 0.006) compared with conventional DTI. This finding is confirmed by the corresponding Bland-Altman plot, which showed a systematic FA bias of −0.025 (Fig. 2) .
The coefficients of variation in the different muscles were similarly low in all sequences for FA (no slice acceleration, 6.2%-13.9%; 2-fold acceleration, 6.8%-13.4%; 3-fold acceleration, 6.4%-15.0%) and MD (no slice acceleration, 3.7%-5.8%; 2-fold acceleration, 5.1%-8.1%; 3-fold acceleration, 5.2%-7.4%). The reproducibility of DTI measures was almost perfect in all sequences (FA: ICCs, 0.827-0.872; MD: ICCs, 0.837-0.919).
Fiber Tracking
Fiber tracking was successfully performed in all subjects (example 3-dimensional images are shown in Fig. 3 ). Compared with conventional DTI, 2-fold slice acceleration did not have any significant influence on the measured number of tracks (P ≥ 0.151), the average track length (P ≥ 0.346), or the qualitative anatomical precision score (P ≥ 0.234) in the different muscles. The same was observed for FIGURE 2. Bland-Altman plots illustrating the agreement between conventional DTI and slice-accelerated sequences. As to FA, almost no bias occurred between conventional DTI and 2-fold acceleration, whereas 3-fold acceleration led to a systematic bias of −0.025. Compared with conventional DTI, MD was slightly overestimated in 2-fold acceleration and slightly underestimated in 3-fold acceleration.
3-fold acceleration in the medial and lateral gastrocnemius muscles; however, in the soleus and TA muscles, a significant decrease in the number of tracks (P < 0.001) and the anatomical precision score (P ≤ 0.005) was found. Three-fold acceleration did not have any significant influence on the average track length (medial gastrocnemius, P = 0.322; lateral gastrocnemius, P = 0.902; soleus, P = 0.655; TA, P = 0.117) (Fig. 4) .
Signal-to-Noise Ratio
Signal-to-noise ratio values in the different muscles at different slice acceleration are provided in Table 2 . The overall SNR values were 57.31 (SD, 6.63) (conventional DTI), 45.25 (11.22) (2-fold slice acceleration), and 35.12 (8.24) (3-fold slice acceleration), respectively. In all muscle groups, the SNR per minute increased with higher slice acceleration ( Table 2) .
DISCUSSION
Diffusion tensor magnetic resonance imaging of skeletal muscle has proven useful not only for illustration of the physiological fiber course but also for the characterization of muscle pathologies. [11] [12] [13] Currently, its applicability in clinical routine is mainly limited by incoherent motion (and concomitant signal drop) arising from muscle motion, blood pulsation, and table vibration. 31, 32 To overcome this limitation, DTI sequences need to be as short as possible. In our study, we successfully proved the feasibility of accelerated DTI using SMS acquisition with blipped CAIPIRINHA.
A major challenge to DTI in general is the short T2 relaxation time of skeletal muscle (35 milliseconds at 3 T), which causes an inherently unfavorable SNR. 18 Slice acceleration leads to further decreasing SNR because of saturation effects (due to shorter TR) and growing g-factor penalty. However, there is a net gain in SNR per time unit as long as TR is longer than 1.25 T1. 22 Therefore, given the T1 relaxation time of 1412 (13) milliseconds in the skeletal muscle at 3 T, 17 the SNR per time unit can be expected to increase even with 3-fold slice acceleration (TR, 2100 milliseconds), which is confirmed by our results.
To optimize the SNR, we used a very short TE (54 milliseconds) and 5/8 partial Fourier sampling in all sequences. Furthermore, 2 signal averages and 20 gradient directions were acquired, which however extended the acquisition time. Previous studies on skeletal muscle used up to 16 signal averages but only 6 to 10 gradient directions. 9, [33] [34] [35] We preferred a high number of gradient directions over additional signal averaging because a recent study found that DTI of skeletal muscle needs at least 12 gradient directions to be sufficiently accurate, 26 whereas other studies propose even 20 directions for robust estimation of anisotropy. 36 Signal averaging only elevates the SNR but has no FIGURE 3. Examples of 3-dimensional images of fiber tracking in conventional DTI as well as with 2-fold and 3-fold slice acceleration (SA). Seed ROIs were placed in the different muscles at the level of the maximum calf diameter. Although fiber tracking worked well in all 3 scenarios in the medial (orange) and lateral (cyan) head of the gastrocnemius muscle, fewer fibers could be tracked in the TA muscle (pink) with increasing slice acceleration, which can be explained with the decreasing SNR.
influence on the minimum sampling requirement of the diffusion tensor. 37 With the parameters used in our study, the SNR remained over the critical threshold of 25 for accurate muscle DTI 26 even at 3-fold slice acceleration ( Table 2) .
The SNR decreases exponentially with increasing b value. In most previous works on DTI of skeletal muscle, a b value between 400 and 600 s/mm 2 was applied. 7,9,13,33,34,38-40 As a compromise between SNR and sensitivity to diffusion as well as to achieve a short TE, we chose a b value of 500 s/mm 2 , which has proven the optimal value in a recent computer-based simulation study. 26 Fractional anisotropy and MD measured in the conventional DTI scan were in the range of previously reported values. 7, 9, 13, 31, 33, 41 The observation that FA values were higher in the TA muscle than in the others may be explained with the slight plantar flexion (passive muscle elongation) during magnetic resonance examination. 41 No significant changes of DTI parameters were found at 2-fold slice acceleration. At 3-fold acceleration, however, the FA values were significantly higher compared with conventional DTI. This known phenomenon may be attributed to the reduced acquisition time per slice. 25, 42 There was no notable influence of the slice acceleration factor on the variability and reproducibility of FA and MD measurements.
Fiber tracking allows 3-dimensional visualization of highly structured anisotropic tissues. This method was first validated in the skeletal muscle by Damon et al, 6 and its potential for characterizing muscle injuries and structural abnormalities has since been described in several studies. 12, 13, 43, 44 Similar to previous studies, we used an FA threshold of 0.15 and an angulation threshold of 30 degrees, 38 which provided a good equilibrium between effective fiber tracking and anatomical accuracy. Conventional DTI and 2-fold slice acceleration showed comparable fiber tracking results. An interesting exception is the slightly higher (though not statistically significant) track length found with 2-fold acceleration compared with conventional DTI. This phenomenon may be explained by the higher voxelwise FA values in slice-accelerated sequences (see above), which causes more voxels to exceed the FA threshold for fiber tracking. At 3-fold slice acceleration, this effect was not observed anymore, most probably because of the lower SNR that caused fiber tracking to stop prematurely.
The average track lengths measured in this study need careful interpretation because some muscle fibers likely exceeded the field of view in the z direction (17.1 cm). This parameter was determined mainly for comparing the fiber tracking performance depending on slice acceleration rather than for exact determination of the fiber length from aponeurosis to aponeurosis. The latter is known to be already limited by image noise 9 and therefore not commonly reported in the literature. It has to be noted that the present study did not evaluate pennation angles of muscle fibers, which would have required more comprehensive fiber tracking methods with marking the aponeurosis and bundling muscle fibers with similar characteristics. 6 Nevertheless, FIGURE 4. Performance of fiber tracking regarding the number of tracks, average track length (millimeter), and anatomical precision score. No significant differences were found between conventional DTI and 2-fold slice acceleration, whereas the number of tracks and the anatomical precision score significantly decreased in the soleus and TA muscles at 3-fold acceleration. because all other parameters were similar between conventional DTI and 2-fold slice acceleration, pennation angle measurements are not supposed to be altered. Diffusion tensor magnetic resonance imaging of skeletal muscle is influenced by numerous factors, such as age, intramuscular fat content, or exercise. We believe that both conventional and accelerated DTI will be equally influenced by these factors. One exception is the fact that FA values increase with higher slice acceleration (although not significantly different in the present work). This might involve the use of different FA cutoff values to discriminate between healthy and pathological conditions.
There are limitations to this study. First, the true SNR was not measured because this is difficult in case of parallel imaging. Instead, an effective SNR was defined in accordance to previous studies, which proved a good approximation. 28, 29 Second, the study population was relatively small; however, as there was excellent agreement between interindividual and intraindividual measurements, a larger population would most likely not have yielded much additional information for this feasibility study. Third, the experiments were only performed at 3 T. This field strength is advantageous over 1.5 T for musculoskeletal applications due to the higher signal yield. Although the lower SNR at 1.5 T might have slightly impaired image quality, it can be assumed that a slice acceleration factor of 2 would have been the best compromise as well.
In conclusion, SMS acquisition of diffusion tensor data is feasible and yields similar results as conventional DTI at notably shorter acquisition time. With the parameters used in the present study, an acceleration factor of 2 showed to be the best compromise between total acquisition time, image quality, and quantification accuracy. The higher SNR per time unit outweighs the disadvantage of the slightly lower SNR per excitation compared with conventional DTI. Future DTI studies on skeletal muscle may significantly benefit from this remarkable scan time reduction that increases the clinical applicability of this promising technique. It has to be investigated yet whether SMS acquisition qualifies for the assessment of pathologies such as muscle edema, tear, or hematoma, [11] [12] [13] where DTI seems to have its greatest potential for clinical application.
